Experiments were undertaken in order to test the mechanism of energy coupling for amino acid uptake proposed in the cotransport hypothesis. According to the hypothesis an electrochemical potential difference in H+ is established by active H+ extrusion. That potential difference then drives the cotransport of H+ and amino acids into the cells. Application of amino acids to oat (Avena sativa var. Victory) coleoptiles induced transient depolarizations of the cell membrane electrical potentials considered to reflect the joint uptake of H+ and amino acids followed by an enhanced H+ extrusion. In the presence of KCN, cysteine induced strong depolarizations, but the rate of repolarization depended linearly upon the cyanideadjusted ATP level of the tissue. At an ATP level 44% of normal, the membrane potential was 74% of normal, but the repolarization after cysteine-induced depolarization was practically nil. Sudden transitions from room temperature to temperatures below 15°C induced sharp depolarizations of the membrane which then repolarized within 3 min; the ATP content of the tissues was unaffected. Cysteine and alanine induced strong depolarizations at temperatures between 5 and 25°C, and the Qio for the rate of depolarization was 1.5 for cysteine and 1.6 for alanine. The QLo for
25°C
) is maintained by active H+ extrusion that probably uses a membrane ATPase (1, 5, 8, 10, 13, 23) . When neutral or acidic amino acid solutes are applied to plant tissues, the cell membranes undergo transient electrical depolarizations (6, 12, 18) . According to the cotransport model, the depolarizations reflect the joint influx of H+ and amino acids, and the subsequent repolarizations reflect an enhanced extrusion of the introduced H+. Electrical stability is achieved within 2 to 5 min after the introduction of the solute when the H+ efflux pump has adjusted to the additional 1 burden imposed by the continuing cotransported influx. Presumably, the H+ influx and depolarization are passive processes that entail no direct consumption of ATP, but the H+ extrusion and repolarization are active processes that consume ATP. Previous investigations have demonstrated the energy dependence of amino acid uptake but have not established the nature of the energy coupling in higher plants (4, 6, 7) . In this report, we provide evidence for the energy relationships proposed by the cotransport hypothesis, that is, for H+ extrusion as the only part of the cycle to consume ATP directly.
MATERIALS AND METHODS
The procedures for plant culture and PD measurements have been reported in detail elsewhere (6, 12) . As in one ofthe previous reports (12) , the variety of oats used was A vena sativa var. Victory. In most of the experiments, the PDs were monitored continuously as the excised oat coleoptiles were perfused in a solution to which other solutes were added or removed at various times. The flow rate for the solutions was generally 5 ml per min and was sufficient to saturate the rate of PD changes. The temperature of the solutions was generally 25°C, but the temperature was occasionally changed to other values. That was done by shunting the solutions through polyethylene tubing that had been threaded through a latex hose connected to a circulating water bath.
ATP was determined by the luciferin-luciferase assay. Five 2-mm coleoptile sections (0.9 mg) were removed from the experimental solutions in which they had floated. The sections were blotted and dropped into test tubes that were immediately put into an ethanol-Dry Ice bath. The frozen sections were powdered with a glass rod and then suspended in 3 ml ice-cold extraction fluid (3 mm EDTA and 5% TCA). After about 30 min of occasional swirling, 50 Il of the extraction fluid were added to 4 ml roomtemperature buffer (25 mM MgSO4 and 25 mm Hepes adjusted to pH 8.0 with NaOH) in polyethylene scintillation vials of slightly more than 4 (Fig. 1, top row) . These effects have been interpreted in previous reports (12, 13, 24) . In brief, cysteine induced a depolarization followed by a strong recovery that can be explained by the cotransport hypothesis presented above. Lysine (as well as arginine and ornithine) induced a depolarization followed by a weak and transient recovery that has been interpreted to reflect the uniport of the permanently protonated lysine cation into the cell. A more recent analysis (unpublished results) suggests that the basic amino acids may, in fact, be cotransported with an additional HW. A ratio of two positive charges (the lysine cation and the proton) taken in for each H+ reextruded could account for the nonrepolarization of the cell. The same analysis also suggests that passive K+ fluxes combined with H+ extrusion may contribute appreciably to the repolarization. Acetate induced a steady hyperpolarization due to the presumed uptake of undissociated acetic acid followed by intracellular dissociation and H+ extrusion.
In each case, the change in the PD has been attributed at least in part to a H+ current. The depolarizations are seen as passive processes with the currents flowing down electrochemical gradients. The repolarizations and the hyperpolarization are seen as active processes caused by the energy-consuming extrusion of H+ against an electrochemical gradient. The experiments described next were done in order to test those assumptions.
When cyanide was applied to oat coleoptiles, the membrane depolarized to a mean value of -36 mv in 0.25 mm KCN. This was followed by a partial repolarization and a new steady PD that was somewhat more positive than the initial (Figs. 2 and 3A). Other solutes then were added in the continued presence of cyanide, which qualitatively affected the electrical responses (Fig.  1) . The depolarizations were affected somewhat, but the repolarizations (or hyperpolarization in the case of acetate) were reduced or eliminated (Table I ). The effect of cyanide concentration on the rate of repolarization in cysteine is charted in Figure 4A . Cyanide at 0.05 mm reduced the rate of repolarization by about 50o, and 0.2 mm nearly eliminated repolarization.
Electrical Phenomena in Response to Cyanide-Adjusted ATP Levels. Cyanide had the expected effect on the ATP content of coleoptile tissues. Transverse sections 2 mm long were floated in IX solutions containing various concentrations of KCN. Incubation lasted 15 min which was long enough to achieve steady ATP and PD levels (Fig. 2) . Figure 4B charts the relationship between the ATP content of the tissues and the cyanide concentration of the incubating medium. The ATP content of the untreated sections was 123 + 8 nmol ATP per g fresh weight (mean SE of 10 experiments). As in the case of repolarization, 0.2 mm KCN was a saturating concentration, reducing ATP content to 44% of normal. The data from Figure 4 , A and B, may be replotted in order to obtain the interaction between the ATP content of the tissue prior to the addition of cysteine and the rate of membrane repolarization after the addition of cysteine. (Fig. 3B) . The points in Figure 3B (right to left) are derived from the points in Figure  3A (left to right) through point number 6. Point number 7 (next to lowest) in Figure 3B was derived from numerous measurements taken at cyanide concentrations between 0.2 and 0.4 mm, and the lowest point in Figure 3B The PD as a function of external cyanide and cellular ATP. Tissues were exposed to KCN solutions until steady PDs were achieved (see Fig. 2 (Fig. 6, top) . The rates of both depolarization and repolarization were affected by temperature. The rate versus temperature curves drawn in Figure 6 were derived from the Arrhenius plots that best fit the data; those plots are linear for log rate versus l/T (T in°K). Qlo values were computed from those plots. For cysteine, the Qio for depolarization over the interval 5 to 25°C was 1.5, and the Qlo for repolarization was 3.0. For alanine the Qio for depolarization was 1.6, and the Qlo for repolarization was 2.0. At temperatures above 25°C, the electrical effects exhibited greater variability, and the rates of change were difficult to measure.
DISCUSSION
The pmf, according to the cotransport hypothesis, provides the energy for the uptake of amino acids (20) . That pmf is maintained, according to hypothesis, by the active (ATP-consuming) extrusion of H+ across the cell membrane. That extrusion, therefore, is the coupling mechanism between energy (ATP) made available by metabolism and that consumed in amino acid uptake. The twophase electrical response of cells to the application of amino acid solutes is a sensitive indicator of early transport events. The depolarization phase appears to be a response to the joint influx of H+ and amino acids. Our experiments show that phase to be relatively insensitive to the cyanide-adjusted ATP levels in the cell. The repolarization phase is considered to be the response to an enhanced H+ extrusion as the cell adjusts to the inrush of H+. That phase is highly sensitive to the cyanide-adjusted ATP levels. Thus, our observations support the energy coupling mechanism of the cotransport hypothesis.
According to Figure 3B , the normal complement of ATP in our cells nearly saturated the PD generating process, but, according to Figure 4C , the repolarization process showed no sign of saturation at normal ATP levels. Though it seems safe to conclude that repolarization depends on ATP, the precise concentration dependence is not certain because we were unable to get continuous readings of ATP concentrations from single cells as they were undergoing cysteine-induced PD changes. Our methods simply associated the steady ATP levels of sections incubated in cyanide solutions with the electrical events that occurred when cysteine was added to other coleoptiles in the presence of similar cyanide solutions. Cysteine at 4 mm caused the ATP content of 2 mm sections to decline gradually to 35% of normal over a 2-hr period (unpublished results); therefore, the ATP levels 1 to 3 min after the addition of cysteine (when the rates of repolarization were measured) may have declined from the steady cyanide-adjusted levels prior to the addition of cysteine. The effect of cysteine on cell ATP may be unique, for alanine had no inhibitory effect upon cell ATP; but, when alanine was applied to tissues preincubated in cyanide, the membranes depolarized and did not repolarize (unpublished results). Thus, the cyanide effect upon repolarization is a general one that has been observed with cysteine, alanine, lysine, and glutamate (Ref. 12 and this report). In addition, 2,4-dinitrophenol eliminated repolarizations after depolarizations by aspartate and cysteine (12) .
If the just-stated considerations are discounted, that is, if one assumes constant ATP levels before and just after the addition of cysteine, then our results suggest that the repolarization in cysteine is more sensitive to decreases in ATP than is the usual electrogenic process in IX (cf. Figs. 3B and 4C ). Previous investigations (16, 19) nent of the pmf was affected somewhat. The moderate effects of cyanide on the cysteine-induced depolarization rate (Table I) saturating concentration) reduced ATP to 28% of normal. Since SHAM alone had no effect, the results suggest the engagement of cyanide-resistant respiration in the presence of cyanide (22) . Cyanide induced a large depolarization followed by a strong recovery that was SHAM sensitive in part (Fig. 2) . Those events suggest the rapid inhibition of electron transfer by cyanide followed by the engagement of the alternative (cyanide-resistant) pathway. Nevertheless, a direct reversible effect of cyanide upon the membrane cannot be ruled out, though low concentrations of KCN (<0.1 mM) appeared not to affect the membrane resistance in red beet root (16 (2, 9, 15) , but other tissues are apparently more resistant (Ref. 9 and our data); therefore, it is no longer reasonable to assume that low temperatures will eliminate electrogenic pump potentials. The inhibition of depolarization at higher temperatures (Fig. 6, top) could be the consequence of the greater temperature responsiveness of the H+ extrusion that restores the PD. In other words, the change in the PD was simply turned around quicker at higher temperatures.
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